Introduction
============

Precocious puberty is generally defined as the appearance of secondary sex characteristics before the age of 8 years in girls and 9 years in boys[@B1]. Central precocious puberty (CPP) is a subtype of precocious puberty, which is caused by early maturation of the hypothalamic-pituitary-gonadal axis[@B2]. Studies have reported a significant increase in the incidence of CPP[@B3]. For example, in 2006-2011, there was a four- to five-fold increase in the number of CPP patients among Korean girls[@B4]. As such, the physical and psychological effects of CPP on the affected children are becoming increasingly important.

Children with true precocious puberty or early puberty tend to exhibit temporary accelerated growth due to increased sex hormones, but also a shorter growing period, which ultimately lead to a lower final adult height (FAH). Increased sex hormones shortens growing period by promoting growth plate senescence, which refers to the structural and functional changes of epiphyseal plate including decline in chondrocyte proliferation and rate of longitudinal bone growth[@B5],[@B6].

Treatment of precocious puberty with the gonadotropin-releasing hormone agonist (GnRHa) was introduced in 1981, and it is now widely used and is known to increase FAH[@B7],[@B8]. GnRHa binds to the gonadotropin-releasing hormone (GnRH) receptors in the gonadotropic cells of the anterior pituitary gland, initially resulting in a brief surge of luteinizing hormone (LH) and follicle-stimulating hormone (FSH). Then it is followed by desensitization of the GnRH receptors and eventual gonadal suppression due to down-regulation of the intrinsic pulsatile secretion of the LH and FSH[@B9]. GnRHa treatment thus suppresses bone maturation, which normalizes the height velocity according to the chronological age (CA).

However some studies have reported a drop in the height velocity to below the normal range, possibly due to suppression of the secretory axis of the insulin-like growth factor I (IGF-I) and the IGF binding protein 3 (IGFBP-3) secondary to the reduced sex hormones[@B10].

The response of precocious puberty patients to GnRHa treatment is often difficult to predict, mainly because of the diverse nature of the clinical presentation of the disease and its underlying causes. Partsch et al.[@B11] suggested that CPP was a continuum of clinical presentations and rates of progression that range from normal variants or incomplete forms of pubertal development to slowly progressive or transient forms and rapidly progressive forms. The factors affected the better response to GnRHa treatment and final height outcome are: a younger CA at puberty or at the start of treatment, an advanced bone age (BA), a shorter interval between the onset of the CPP and its treatment, a greater height at the initial evaluation, the target height, the predicted adult height before the treatment, and the duration of the treatment[@B12],[@B13],[@B14],[@B15]. Other genetic factors may also affect the efficacy of GnRHa treatment[@B16].

This study aims to show the impact of GnRHa treatment on IGF-I and IGFBP-3 secretion, growth, and on other anthropometric or laboratory parameters that may help estimate the height velocity.

Materials and methods
=====================

1. Patients
-----------

The subjects were 60 girls who started GnRHa treatment at our center from May 2010 to June 2012, including 10 girls who were diagnosed as having had true precocious puberty. All the subjects experienced breast development above Tanner Stage B2 before 9 years of CA, had recently experienced rapid growth in height or body weight, and more than one year advanced BA. The subjects who were born small for their gestational age, whose magnetic resonance imaging showed an intracranial lesion, who had other endocrine diseases, and who received concurrent growth hormone therapy were excluded. Long-acting GnRHa (triptorelin or leuprorelin 3.75 mg) was administered as subcutaneous injection every 28 days.

2. Measurements
---------------

The height, BA, and serum IGF-I, IGFBP-3, LH, FSH and estradiol concentrations of all the patients were measured at the start and after a year of GnRHa treatment. The height was measured to the nearest 0.1 cm using a Harpenden Stadiometer (Holtain Ltd., Crymych, UK). The heights of both parents of each subject were also recorded on a questionnaire. BA was assessed by comparing the plain left-hand radiographs of patients with reference data set published by Greulich and Pyle[@B17].

3. Statistics
-------------

To eliminate confounding effect of age, age-adjusted height velocity was defined as the difference between standard deviation score (SDS) of height after a year of treatment and that at the diagnosis. SDSs for IGF-I and IGFBP-3 concentrations based on the CA were also calculated. The SDSs were calculated using Cole\'s modified LMS methods[@B18]. For the height, we used the L (box-cox power), M (median), and S (coefficient of variation) values provided by the Growth Charts of Korean Children and Adolescents, which was published by the Korea Centers for Disease Control and Prevention in 2007. For IGF-I and IGFBP-3, we estimated the parameters from the percentile values for the age of Korean girls using the Levenberg-Marquardt algorithm[@B19],[@B20]. The IGF-I:IGFBP-3 molar ratios were calculated at the start and after a year of treatment. The respective values at the start and after a year of treatment were compared using a paired *t*-test, and Pearson correlation coefficient was used to measure the correlation between the age-adjusted height velocity and other measured or derived parameters (i.e., the IGF-I SDS, IGFBP-3 SDS, and IGF-I/IGFBP-3 molar ratio at the start and after a year of treatment, the difference between the two values, and the midparental height). The subjects were divided into subgroups based on the differences in their height SDSs for CA or their mid-parental heights. The same statistical analyses were performed for each subgroup. The statistical analyses were performed using the IBM SPSS Statistics ver. 21.0 (IBM Co., Armonk, NY, USA). Value of *P*\<0.05 was considered statistically significant.

Results
=======

At the start of the GnRHa treatment, the mean chronological and BAs were 8.77±0.70 years and 10.38±0.76 years, respectively. Serum LH and estradiol concentrations decreased significantly, indicating adequate gonadal suppression (1.62±2.07 to 1.31±1.82, *P*\<0.001; and 5.17±5.06 to 3.32±3.11, *P*=0.024, respectively). Serum FSH concentrations had no significant difference. The height SDS according to the CA was 1.01±0.84, and the height SDS according to the BA was -0.64±0.88. The SDSs for the serum IGF-I and IGFBP-3 concentrations were 0.48±0.89 and 2.96±0.94, respectively, and the IGF-I/IGFBP-3 ratio was 59.3±13.7. The mean midparental height was 159.6±3.7 cm. After a year of GnRHa treatment, the BA became 10.89±0.49 years. The difference between the BA and the CA significantly decreased from 1.61±0.82 to 1.12±0.72 (*P*\<0.001), which indicates adequate suppression of the growth plate senescence. The height SDS according to the CA significantly decreased to 0.81±0.83 (*P*\<0.001), but the height SDS according to the BA significantly increased to -0.28±0.68 (*P*\<0.001). There was no significant change in the serum IGF-I, IGFBP-3 SDSs, and IGF-I/IGFBP-3 ratio ([Table 1](#T1){ref-type="table"}).

Girls whose BA was more advanced than their CA tended to have a greater age-adjusted height velocity for both their CA (*R*=0.265, *P*=0.041) and BA (*R*=0.642, *P*\<0.001). Girls with a higher BA at the start of their treatment also had a greater age-adjusted height velocity for their BA (*R*=0.753, *P*\<0.001). Age-adjusted height velocity for both CA and BA did not correlate with IGF-I, IGFBP-3, IGF-I:IGFBP-3 ratio, or sex hormones ([Figs. 1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}). No other significant correlation between the variables was evident.

The mean age-adjusted height velocity for CA during the treatment was -0.20, and 33 subjects had a greater difference than the mean ([Table 2](#T2){ref-type="table"}). Between the two subgroups (that with a below-the-mean difference in their height SDS, and that with an above-the-mean difference in their height SDS), the above-the-mean group had a higher serum IGF-I concentration SDS for their CA after their treatment (0.52±0.96 vs. 0.25±0.60, *P*=0.048). The below-the-mean group had a higher IGF-I/IGFBP-3 ratio after their treatment (60.7±15.7 vs. 58.9±9.6, *P*=0.018). However, the ratio increased during the treatment in the above-the-mean group, whereas the below-the-mean group showed a decrease (2.0±9.0 vs. -1.6±15.9, *P*=0.037). No significant correlation between the variables was found in each subgroup.

Subgroup analysis was also performed between the below-the-mean and above-the-mean groups for their midparental heights (below and above: 159.6 cm; n=32 and 28, respectively) to elucidate the potential effect of genetic factors on the height velocity. The two subgroups showed no significant difference, and no significant correlation between the variables was evident in each subgroup.

Discussion
==========

The role of IGF-I as a modulator of maturational timing is being increasingly recognized, and several investigators have examined the effect of gonadal suppression with GnRHa on the growth hormone axis and the height velocity with conflicting results. Significant decreases in the serum somatomedin-C concentration and in the mean growth hormone level after treatment with GnRHa have been reported[@B21],[@B22]. A previous analysis of the height velocities and the serum IGF-I and IGFBP-3 levels of 26 Korean girls also showed significant decreases in the serum IGF-I and IGFBP-3 concentrations after a year of GnRHa treatment, but unchanged normal height velocities[@B23]. Other studies have reported no significant change in the IGF-I and IGFBP-3 concentrations despite a decrease in the height velocity[@B24],[@B25].

In this study, there was a significant decrease in the height velocity but not in the mean IGF-I and IGFBP-3 concentrations. These results imply that gonadal suppression may influence growth via direct pathways independent of the circulating IGF-I. The exact mechanism of the effect of sex steroids on the growth plate still needs investigation. Kanety et al.[@B24] suggested that sex steroids have a role in inducing an increase in the IGF-I and IGFBP-3 axis, but may not be important in the subsequent maintenance of the levels of these hormones. This conclusion may be applicable to other groups of patients, since male patients with virilizing congenital adrenal hyperplasia have shown that hydrocortisone therapy suppresses testosterone without suppressing IGF-I[@B24],[@B26].

Lack of change in IGF-I and IGFBP-3 with decrease in sex hormones level and height velocity signifies direct effect of sex hormones on growth. One possible explanation is that the sex hormones directly affect bone growth. *In vitro* and animal studies have shown that sex steroids may act via the locally produced IGF-I in the target tissues without significantly raising the circulating IGF-I concentrations, with the bone as a target organ[@B9]. The exact quantitative role of growth and the sex hormones on the height velocity needs further investigation.

According to Weise et al.[@B27], the height velocity is positively affected by the current estrogen levels, and negatively by growth plate senescence, which reflects prior estrogen exposure. The authors hypothesized that impaired linear growth due to excessive senescence is unmasked by treatment with GnRHa, which removes the stimulatory effect of estrogen on growth. In this study, the height SDS for the CA decreased after the GnRHa treatment, but the height SDS for the BA increased. The height velocity showed a stronger correlation with the BA than with the CA, which supports the hypothesis. A study of 38 Korean girls with CPP who had received GnRHa treatment also reported a significant decrease in the girls\' height SDS for their CA and a significant increase in their height SDS for their BA[@B28]. Our findings were consistent with those of these studies. Furthermore, the increases in the height SDSs were greater in the girls whose BAs were more advanced than their CAs.

One of limitations of this study is that majority of the subjects were diagnosed as early puberty, and older than 8 years at the start of treatment. Although there was no evident correlation between CA at initial treatment and difference in height SDS in this study, previous reports have shown that GnRHa treatment is less effective in girls beyond 8 years of age[@B29],[@B30]. Younger patients with true precocious puberty may yield different results.

The dose of GnRHa administered during this study is relatively lower than that of previous studies with similar settings in general. Although sex steroids level does not correlate with dose of GnRHa as long as adequate gonadal suppression is achieved, the dose-effect of GnRHa on IGF-I/IGFBP-3 and growth needs further investigation[@B31]. Another limitation is that all samples are collected before and during treatment, thus may not fully reflect long-term effects. A follow-up study is required to show longterm effect of GnRHa on IGF-I/IGFBP-3 axis, especially after cessation of treatment.

In summary, gonadal suppression with GnRHa results in a lower height velocity but no change in the serum IGF-I and IGFBP-3 concentrations. The decrease in the height velocity independent of the circulating IGF-I during GnRHa treatment suggests the presence of more direct mechanisms through which sex hormones affect bone growth. Additional studies are required to elucidate other factors that affect the height velocity during and after GnRHa treatment.
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###### 

Characteristics of the 60 girls treated with the GnRH agonist
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Values are presented as mean±standard deviation.

GnRH, gonadotropin-releasing hormone; CA, chronological age; BA, bone age; SDS, standard deviation score; IGF-I, insulin-like growth factor I; IGFBP-3, insulin-like growth factor binding protein 3.

^\*^*P*\<0.05 compared to before the treatment.

###### 

Comparison of the two subgroups grouped according to the amount of change in their height SDS during their one-year treatment with GnRHa
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SDS, standard deviation score; GnRH, gonadotropin-releasing hormone; CA, chronological age; SDS, standard deviation score; IGF-I, insulin-like growth factor I; IGFBP-3, insulin-like growth factor binding protein 3; Δ, difference between the value after a year of treatment and that at the diagnosis.

^a)^ΔHeight SDS≥-0.20. ^b)^ΔHeight SDS\<-0.20. ^\*^*P*\<0.05 between the two subgroups.
